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Abstract: Recent research has shown that there are many effects of climate change on aeroallergens and thus
allergic diseases in humans. Increased atmospheric carbon dioxide concentration acts as a fertilizer for plant
growth. The fertilizing effects of carbon dioxide, as well as increased temperatures from climate change,
increase pollen production and the allergen content of pollen grains. In addition, higher temperatures are
changing the timing and duration of the pollen season. As regional climates change, plants can move into new
areas and changes in atmospheric circulation can blow pollen- and spore-containing dust to new areas, thus
introducing people to allergens to which they have not been exposed previously. Climate change also inﬂuences
the concentrations of airborne pollutants, which alone, and in conjunction with aeroallergens, can exacerbate
asthma or other respiratory illnesses. The few epidemiological analyses of meteorological factors, aeroallergens,
and allergic diseases demonstrate the pathways through which climate can exert its inﬂuence on aeroallergens
and allergic diseases. In addition to the need for more research, there is the imperative to take preventive and
adaptive actions to address the onset and exacerbation of allergic diseases associated with climate variability
and change.
Key words: allergens, greenhouse effect, asthma, rhinitis, allergic, seasonal, dermatitis, atopic, prevention and
control
INTRODUCTION
Climate change, caused in part by increased atmospheric
concentrations of carbon dioxide (CO2) and other green-
house gases, is likely to result in increases in temperature
and humidity, changes in the amount, distribution, and
intensity of precipitation events, and increases in the
intensity and frequency of certain extreme weather events
(Solomon et al., 2007). These meteorological changes as
well as changes in atmospheric CO2 concentrations can
impact the production, distribution, dispersion, and aller-
genic content of aeroallergens and the growth and distri-
bution of organisms that produce them (i.e., weeds, grasses,
trees, and fungus). Shifts in aeroallergen production and,
subsequently, human exposures may result in changes in
the prevalence and severity of symptoms in individuals
with allergic diseases. Air pollutants can independently, and
in conjunction with aeroallergens, cause and exacerbate
allergic diseases. Many air pollutant concentrations, par-
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demonstrates these complex interactions.
Allergies and asthma collectively cost more than $30
billion annually in the United States, both directly as costs
to the health care system, and indirectly through lost
productivity. A recent nationwide survey reported that
54.6% of people in the United States test positive for an
allergic response to one or more allergens and more than 34
million Americans have been diagnosed with asthma
(American Academy of Allergy Asthma and Immunology,
1996–2009). The three main allergic illnesses that have been
associated with exposure to aeroallergens—allergic rhinitis
(hay fever), asthma, and atopic dermatitis (eczema)—
individually and collectively impose both substantial health
effects and large economic burdens. Although existing data
suggest that aeroallergen levels have not been consistently
increasing in all locations, the prevalence of asthma and
allergic rhinitis has been increasing during the past few
decades (Schoenwetter, 2000), a trend that seems to be
mirrored in other countries (Asher et al., 2006). Estimates
are that 15–20% of children worldwide have atopic der-
matitis, and there is evidence to suggest that this ﬁgure may
be increasing (O’Connell, 2004).
A variety of possible explanations for the increased
prevalence of allergic diseases have been postulated. The
increase in the prevalence of asthma has been attributed to
higher levels of exposure to indoor allergens, especially
cockroaches (Hamilton & Eggleston, 1997; Hamilton, 2005;
Phipatanakul, 2005). The hygiene hypothesis, which often
is used to explain the increases in allergic diseases in
developed countries, suggests that not being exposed to
bacteria and infections at a young age can make one more
likely to develop allergic diseases later in life (Sublett,
2005). This is exempliﬁed by higher rates of hay fever in
smaller families (Von Hertzen, 1998) and a protective effect
for children who attend day care (Phipatanakul, 2005).
The rate at which the prevalence of respiratory allergies
has been increasing argues against the trend being solely
attributable to genetic factors. Given the failure of recent
studies to consistently identify common determinants in
lifestyle or home environment that could signiﬁcantly affect
disease development (Linneberg et al., 2000), the role of
changes in aeroallergen concentrations related to climate
change cannot be excluded, as has been hypothesized by
Beggs and Bambrick (2005). Because the economic impacts
of allergic diseases associated with aeroallergens and the
quality-of-life impacts on those individuals who suffer
from them are already substantial, any climate change-in-
duced enhancement of this trend in the United States and
elsewhere would be of particular concern.
Figure 1. A framework of the impacts of climate change on aeroallergens and human health.
Allergic Disease and Climate Change 459Some recent review articles have summarized the
current understanding of the science on the impacts of
climate change on aeroallergens (Beggs, 2004; Beggs &
Bambrick, 2005; D’Amato & Cecchi, 2008; Shea et al.,
2008) and on the interaction between aeroallergens and air
pollution related to allergic diseases (Bartra et al., 2007;
D’Amato & Cecchi, 2008; Shea et al., 2008). A more recent
review took the further step of outlining adaptation op-
tions focused on the role of medical professionals in
preventing changes in these illnesses related to climate
change (Shea et al., 2008). Our review goes one step fur-
ther by analyzing the epidemiological literature that links
allergic disease with changes in aeroallergens and climate.
We also broaden our coverage of adaptation measures to
include recommended actions for individuals and health
care professionals, communities and organizations, as well
as local, national, and international governments and
agencies (Table 1).
CLIMATE CHANGE AND AEROALLERGENS
Aeroallergen Production
Changes in meteorological factors can affect aeroallergen
production, which, in turn, impacts the prevalence or
severity of allergic illness via sensitivity and response
pathways. For example, greater pollen concentrations in the
air increase the chance of sensitization and subsequent
exacerbation of illness. Exposures to higher concentrations
of aeroallergens or allergen proteins may lead to more se-
vere allergic responses (Nielsen et al., 2002; Singer et al.,
2005). Whereas land-use change can have an impact on the
amounts and types of pollen present at any location, cli-
mate also can play a role.
There are several examples where regional weather
patterns, such as increased precipitation and temperature,
have led to enhanced pollen production. Maximum pollen
counts were higher during a warmer, wetter El Nin ˜o year
than in the year before or after it in New England (Freye
et al., 2001). Oak pollen counts in the San Francisco Bay
Area have shown strong correlations with total rainfall
from the previous year (Weber, 2003). However, increasing
trends of total pollen production in cedar, oak, hickory,
pecan, and birch in Oklahoma were not signiﬁcantly cor-
related with increasing winter temperatures (Levetin,
2001), but the increasing pollen counts of cypress family
pollen in Tulsa showed signiﬁcant positive correlations
with daily minimum, mean, and maximum temperatures
and signiﬁcant negative correlations with precipitation (Lo
and Levetin, 2007).
A study in Denver, Colorado showed correlations be-
tween grass pollen counts and meteorological variables with
1-day time lags that were not consistent from year to year,
suggesting that the intraseasonal meteorological conditions
that determine pollen counts may vary from year to year or
that preseason conditions are more important than day-to-
day variations (Glassheim et al., 1995). An analysis of three
cities in England found different trends in start date and
total grass pollen count by city, signifying the need for
regional assessments of climatic trends on pollen counts.
Although meteorological factors explained some of the
variation in grass pollen counts, changes in the amount of
grassland in a region also played a large role (Emberlin
et al., 1999).
Studies of ragweed in controlled environments and
ﬁeld studies show that pollen production can be expected
to increase with increased temperature and CO2 levels. The
Wan et al. (2002) experiment demonstrated that ragweed
plants grown in warmer soil exhibited increases in number
of stems, total biomass, percent coverage, pollen diameter,
and total pollen production. Other experimental results
have demonstrated that doubling CO2 levels from current
to projected future levels would result in a 30–90% increase
in ragweed pollen production (Ziska and Caulﬁeld, 2000;
Wayne et al., 2002; Rogers et al., 2006). Field studies of
differences between rural and urban growth patterns also
clearly showed that ragweed ﬂowers earlier and produces
greater amounts of pollen at urban locations where there
are higher CO2 concentrations and temperatures compared
with rural locations (Ziska et al., 2003).
Short-term forecasts indicate that although tempera-
ture and humidity can be strong predictors of mold con-
centrations, the effect varies by mold species and
geography. A study in Denver, Colorado observed an up-
ward trend in Cladosporium spore counts during 8 years
that was signiﬁcantly positively correlated with average
temperature and humidity and signiﬁcantly negatively
correlated with precipitation; however, no signiﬁcant
trends were found for Alternaria or Epicoccum (Katial et al.,
1997). Temperature and dew point were found to be
important predictors of mold spore counts in Tulsa;
however, meteorological factors alone could not predict all
of the variability in spore counts (Troutt and Levetin,
2001). A study in New England observed higher mold
counts after a warmer and wetter El Nin ˜o event (Freye
et al., 2001). Overall, the relationship between climate
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Allergic Disease and Climate Change 461factors and mold species, extent, and geography suggests a
complex multifactorial mechanism.
Timing of Aeroallergen Production
Changes in the timing and length of the pollen season lead
to changes in human exposure, which can affect sensitiza-
tion as well as exacerbation of allergic illnesses. Shifts in
phenology are among the most consistent ﬁndings in
studies of plant pollen production. A recent meta-analysis
found that the current rate of spring phenological advance is
5 days per decade for numerous species of non-tree plants
and 3 days earlier per decade for numerous species of trees
(Root et al., 2003). Alterations in the timing of aeroallergen
production in response to weather variables have been
clearly demonstrated for certain tree species, but less so for
grass and weed pollens and mold (Katial et al., 1997; Em-
berlin et al., 2002; Clot, 2003). Evidence is mixed for grass
pollens, with trend studies showing substantial differences
by region in England (Emberlin, 1994), earlier start dates in
Switzerland (Clot, 2003), but no apparent effect after an El
Nin ˜o event in New England (Freye et al., 2001).
Ragweed has been shown to ﬂower earlier in urban
environments where temperature and CO2 concentrations
were higher compared with rural areas (Ziska et al., 2003).
There is limited evidence of changes in the start dates for
the emergence of mold, except for the El Nin ˜o event in New
England, which indicated an earlier start (Freye et al.,
2001). Some molds, such as Alternaria, are associated with
agriculture and therefore the timing of production is
associated with the harvest (Corden and Millington, 2001),
which, if the timing of the harvest changes with climate
change, could mean changes to the timing and duration of
the mold season.
Studies in Spain have used the evidence of a linkage
between temperatures and pollen season start to project
future phenological changes based on output from climate
models. These studies project that the Olea europaea L.
pollen season in Andalusia will advance by 1 to 3 weeks by
the end of the century (Gala ´n et al., 2005) and that the
Quercus pollen season may start a month earlier and have
up to a 50% increase in pollen throughout Spain (Garcia-
Mozo et al., 2006).
Distribution and Dispersion of Aeroallergens
Long-term responses to climate change (during 50–
100 years) are likely to involve range or distribution shifts in
species and, in some cases, extinctions (Davis and Shaw,
2001; Joyce et al., 2001; Melillo et al., 2001). Ecological
models indicate that the potential habitats for many tree
speciesintheUnitedStatesarelikelytochange,insomecases
dramatically,bytheendofthe21
stcentury.Potentialhabitats
for trees favored by cool environments are likely to shift
poleward and upward (Fischlin et al., 2007). The habitats of
alpine, subalpine spruce/ﬁr, and aspen communities will
likely contract dramatically in the United States and largely
shift into Canada. Potential habitats are likely to increase in
theUnitedStatesforoak/hickory, oak/pine,ponderosa pine,
and arid woodland communities. Projections for vegetation
redistribution suggest that savannahs and grasslands are
likely to expand in the United States, especially in the
Southeast, where hot and dry climate conditions are pro-
jected(Joyceetal.,2001).Climatechangemayactaloneorin
concert with other forces to inﬂuence dispersion or distri-
bution of aeroallergens, which could result in signiﬁcant
impacts on allergic illnesses through exposure to novel or
unusually high concentrations of aeroallergens.
Shifts in vegetation distribution are likely to occur
during relatively long periods of time. Furthermore, the
range of a species (e.g., birch) could contract or move
northward and another (e.g., white oak) could take its place
without any appreciable difference in allergic illness if those
two species are cross-reactive. However, there is some
indication that the introduction of new pollen into a region
can lead to increased allergic illnesses in the population,
even among people who did not have previous allergies to
other pollens. The increase in pollen allergies to birch and
ragweed pollens in the suburbs north of Milan has been
attributed to the introduction of birch trees in the 1970s
and 1980s and the natural spread of ragweed into the area
in the 1980s. An investigation of people in Milan with new
allergies solely to birch or ragweed pollen found that they
had an older age of onset of allergies and were less likely to
have a family history of allergic illnesses compared with
people allergic to other pollens naturally found in the area
(Asero, 2002). Although not directly related to changes in
climate, this provides an example of how, if species ranges
shift due to climate change, new cases of allergies in people
who exhibit no previous symptoms could emerge.
There has been only limited research on how climate
change could affect the dispersal of pollen and mold. Dis-
persion has the potential, via shifts in long-term weather
patterns and extreme weather events, to expose and thus
sensitize populations to novel allergens. There are cases of
both pollen and dust being dispersed long distances from
462 Colleen E. Reid and Janet L. Gambletheir release sites. For example, long distance dispersion of
Juniperus ashei pollen in Tulsa, Oklahoma has been rou-
tinely observed and is associated with allergic illness in that
community (Van de Water et al., 2003). Transcontinental
transport of dust particulates also has been observed.
During April 1998, the dust plume from two large dust
storms over the Gobi desert crossed the Paciﬁc Ocean and
resulted in strong spikes in particulate matter concentra-
tions 10 days later along the west coast of the United States
(Husar et al., 2001). Although it is unclear whether there
were health impacts of this dust event, other long-range
transport events have transported pollen grains and fungal
spores across long distances in desert dust (Shinn et al.,
2003; Kellogg and Grifﬁn, 2006). There also is evidence of
pollen grains being transported long distances by wind
without accompanying dust, for example, birch pollen
from Poland and Germany to Denmark (Skjoth et al.,
2007), and beech pollen from Italy and Germany to
northeastern Spain (Belmonte et al., 2008).
Allergenic Content of Aeroallergens
Allergic symptoms are related to pollen in a dose-response
manner (Singer et al., 2005). Whereas pollen concentration
has been taken as the indicator of potential dose, the
underlying mechanism for allergic symptoms comes in part
from the protein allergens in the pollen (Ahlholm et al.,
1998; Beggs, 1998; Singer et al., 2005). Recent research has
examined the inﬂuence of meteorological variables, such as
temperature and precipitation, and air pollutants, such as
CO2, on the concentration of allergen protein, or the al-
lergenicity, of pollen.
Singer et al. (2005) evaluated how Amb a 1 allergen
(the main allergenic protein in ragweed pollen) concen-
trations changed in response to rising CO2 concentrations.
Although total pollen protein remained unchanged, con-
centrations of Amb a 1 increased as a function of CO2
concentrations. After controlling for descendant group,
another study found that IgE-immunoblotting responses
were stronger in human sera exposed to pollen grown at
higher temperatures (Ahlholm et al., 1998). The authors
suggest soil temperature, which limits nutrient uptake and
thus the rate of allergen synthesis, as a possible mechanism
for the increased allergic response. Although research on
allergen content of pollen/mold is limited, it does suggest
that even if pollen production remained unchanged, aller-
gic illness could increase because of increasing levels of
allergenic protein due to higher CO2 concentrations.
CLIMATE CHANGE AND ALLERGIC DISEASES
Epidemiological Analyses of Meteorology,
Aeroallergens, and Allergic Diseases
There are very few examples of observational studies that
investigate the linkages between weather, aeroallergens, and
health outcomes. These studies provide limited evidence of
the seemingly obvious, but difﬁcult to demonstrate, link
between weather, aeroallergen production, and subsequent
illness.
Epton et al. (1997) conducted a 1-year prospective
study to explore relationships between weather, fungal
spore counts, pollen counts, and peak expiratory ﬂow rates
(PEFR) and asthma in a group of subjects with asthma. A
small positive association was found between PEFR and
mean temperature. The study also found an association
between days with high basidiospore counts and nocturnal
wakening and medication use to relieve asthma. The au-
thors concluded that the effects of weather and aeroaller-
gens on PEFR and asthma symptoms in the studied
population were small and that other currently unknown
causes may explain variations in asthma severity and
exacerbations; however, these minimal effects also could be
due to the high rate of anti-inﬂammatory medications
being used by the cases and the lack of control subjects in
this study.
Another prospective study of asthma admissions in
Israel found that daily emergency room (ER) visits for
asthma were positively correlated with NOx (nitrogen
oxides), SO2 (sulfur dioxide), and high barometric pressure
and negatively correlated with ozone (O3), and minimum
and maximum temperature. They found no correlation
between asthma-related ER visits and pollen, spores,
humidity, or particulates (Garty et al., 1998). However, a
time-series study of the link between grass and weed pollen
and emergency department (ED) visits for asthma in
Montreal found signiﬁcant correlations between increases
in grass pollen concentrations and increases in ﬁrst-time
ED visits for asthma at lags of 3 days and 5 days, and that
readmissions for asthma increased 4 days after an increase
in grass pollen concentrations. Adding meteorological or
air quality variables did not signiﬁcantly alter the rela-
tionships observed between pollen and asthma (He ´guy
et al., 2008).
Whereas most epidemiological studies that investigate
the relationship between meteorological variability and
aeroallergens focus on asthma, there is some evidence of an
Allergic Disease and Climate Change 463impact of meteorological factors on the prevalence and
intensity of atopic dermatitis and allergic rhinitis. Another
Montreal study investigated the links between weather,
Ambrosia (ragweed) pollen, and medical consultations for
allergic rhinitis. Ambrosia pollen concentrations were sig-
niﬁcantly positively correlated with maximum, mean, and
minimum temperatures but negatively correlated with
precipitation. Logistic regression showed strong correla-
tions between pollen count and higher medical consulta-
tions for allergic rhinitis on the day of and 1, 2, 3, and
5 days after elevated pollen exposure (Breton et al., 2006).
A cross-sectional population-based study of 6- to 7-year-
olds in urban areas of three climatic regions in Spain found
not only different rates of eczema in these regions, but also
prevalence rates that were positively associated with pre-
cipitation and humidity and negatively associated with
temperature and number of sunny hours (Sua ´rez-Varela
et al., 2008). This implies that as climate changes for a given
region, rates of atopic dermatitis also could change; how-
ever, they did not speciﬁcally assess the role of allergen
concentrations in this study. Further investigations of the
relationship between meteorological factors, aeroallergens,
and allergic diseases are needed to better understand
whether the inconsistent ﬁndings of these studies are due to
study design, location, population, or other factors.
Extreme Weather Events and Aeroallergens
Severe weather events, such as thunderstorms and hurri-
canes, provide intriguing evidence of an association be-
tween weather, aeroallergens, and allergic illness. There
have been many documented cases of higher rates of
asthma attacks during thunderstorms, not just for asth-
matics but also for people who have previously only had
allergic rhinitis. Thunderstorm winds and associated pre-
cipitation produce the correct conditions for pollen grains
to burst and release allergen particles small enough to enter
the lower airways (D’Amato et al., 2007). In England there
were high correlations between the timing of thunder-
storms, concentrations of Didymella, Cladosporium, and
broken Alternaria spores, and asthma hospital admissions.
This study also found that the odds of being sensitive to
Alternaria and/or Cladosporium spores was signiﬁcantly
increased for the thunderstorm-induced asthma admissions
compared with controls (Pulimood et al., 2007).
A 6-year time-series analysis of aeroallergens, air pol-
lutants, and asthma admissions in a Birmingham, England
children’s hospital found that the fungal spore concentra-
tion explained more of the increase in asthma rates on
thunderstorm versus non-thunderstorm days than did
pollens or air pollutants (Dales et al., 2003). Grundstein
et al. (2008) found a signiﬁcant correlation between asthma
ED visits and thunderstorms in Atlanta, Georgia, and there
was signiﬁcant effect modiﬁcation by rainfall and wind
speed, in that there was only an effect in thunderstorms
with rainfall and this effect increased with moderate and
high wind speeds.
Hurricanes also have been shown to impact allergic
diseases. The most widely studied of these is Hurricane
Katrina, where large sections of New Orleans were ﬂooded
for weeks, resulting in extensive mold growth in buildings.
Of 112 households in the New Orleans area assessed by the
CDC, almost half the homes had ‘‘visible mold growth’’
and 17% had ‘‘heavy mold coverage,’’ and allergy-causing
molds were found both indoors and outdoors (Ratard
et al., 2006). Solomon et al. (2006) also found high mold
spore counts in October and November 2005 in New Or-
leans. Higher mold spore concentrations were found inside
compared with outside and much higher spore concen-
trations were found in ﬂooded areas compared with un-
ﬂooded areas, which were higher than background
concentrations.
Hospitals in New Orleans have reported an increased
number of patients with allergy and cold symptoms, and
doctors have suggested that allergy to the mold and dust
circulating in New Orleans made residents susceptible to
respiratory illness (Wilson, 2006). There have been reports
of a nagging cough throughout New Orleans that has been
nicknamed ‘‘Katrina cough’’ or ‘‘shelter cough,’’ which
may be partially due to the higher spore or other particulate
concentration in the air (Manuel, 2006). Overall rates of
asthma in children from the New Orleans area increased
post-Katrina from 14% (2003) to 18% (2006) and was
possibly higher for minority and underprivileged children
or children residing in certain geographical areas that were
affected by post-Katrina ﬂooding (Epstein et al., 2005).
Current climate change projections show likely in-
creases in heavy downpours and hurricane intensity but
not necessarily frequency (Climate Change Science Pro-
gram, 2008). Although an individual event like Hurricane
Katrina cannot be attributed solely to climate change, and
the post-Katrina mold could be attributed more to the
response and not the storm itself, this example does
highlight what could happen if more intense precipitation
events occur without an increase in our ability to adapt or
respond appropriately.
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and Allergic Diseases
Some recent studies have shown that the interactions be-
tween air pollution, aeroallergens, and allergic diseases are
complex and that air pollution may not only play a sig-
niﬁcant role in the etiology of some allergic diseases but
that it also may modify the effect of aeroallergens on these
diseases. D’Amato et al. (2002) hypothesize that the reason
for the increase in urban allergic disease may be due to the
role that air pollutants play in mediating the health effects
of aeroallergens. The authors summarize the scientiﬁc lit-
erature that demonstrates these interactions: the inﬂam-
matory effects of O3, particulate matter (PM), and SO2
allow for easier penetration of pollen allergens into the
airways; air pollutants can increase the release of antigens in
pollen grains that lead to allergic responses; and pollutants
also can absorb pollen grains and thus prolong the reten-
tion of the pollen grains in the body once inhaled. Given
that increases in temperature from climate change may
increase ground-level ozone as well as aeroallergen con-
centrations, the interactions between these two airway
irritants are important for further study.
Knowlton et al. (2007) placed the locations of ragweed
pollen prevalence and areas with at least one ozone
exceedance day per year on the same map because both of
these exposures are associated with asthma. Notably, 14 of
the 15 cities listed by the Asthma and Allergy Foundation of
America as the ‘‘most challenging places to live with asth-
ma’’ were in areas that had overlapping risks of ozone and
ragweed. These regions of overlap highlight regions of
vulnerability that may increase in size with climate change.
In observational studies of asthma, where aeroallergens
and air pollutants could both be the cause, it is important
to analyze the potential for confounding of one by the
other. A few examples highlight the inconclusive results
found in studies that investigate these confounding effects.
It is important to note that these studies controlled for
meteorological factors but did not speciﬁcally analyze the
impacts of meteorological variability on the outcome. In a
study that investigated the link between air pollution and
ED visits for asthma in Alberta, Canada, adding aeroaller-
gen data to the analysis did not alter risk estimates for air
pollution on ED visits for asthma (Villeneuve et al., 2007).
However, a study by Erbas et al. (2007), which focused on
the relationship between grass pollen and ED visits for
asthma in Melbourne, Australia, found that adding NO2
(nitrogen dioxide), but not O3 or SO2, made an impact on
their model. They also found that the air particle index and
NO2 were independently associated with asthma ED visits,
and that grass pollen was still associated with asthma ED
visits even when all air pollutants were added to the model
(Erbas et al., 2007).
Two studies of ER visits for asthma in Madrid show the
complexity of the roles of aeroallergens and air pollutants
on asthma. Gala ´n et al. (2003) reported that pollen did not
modify the association between O3,N O 2, and PM10 and
asthma ER visits, but Tobı ´as et al. (2004) found a rela-
tionship between three pollen types and asthma ER
admissions that remained constant even when controlling
for air pollutants. This study also found two epidemics of
asthma that were correlated with peaks in pollen releases.
A study in Finland, however, found no relationship
between asthma attacks and pollen or meteorological fac-
tors except for temperature, which had a low inverse cor-
relation with asthma attacks, and air pollutants, speciﬁcally
NO2,S O 2, TSP (Total Suspended Particles) and H2S
(hydrogen sulﬁde), were signiﬁcantly correlated with
asthma attacks (Rossi et al., 1993). A time-series analysis of
7 years in ten cities in Canada found that controlling for air
pollution and other allergens, such as mold spores and
grass pollens, did not confound the relationship between
tree pollen and asthma hospitalizations (Dales et al., 2008).
The interrelationships between climate variability, air
pollution, and aeroallergens are complex and the different
ﬁndings in the literature may be due to the speciﬁc aspects
of a given study, such as the species of pollen, air pollutants,
geography, current climate, and sensitization of the popu-
lation. A recent review of these issues by D’Amato and
Cecchi (2008) explains this complexity and demonstrates
how projected climatic changes could have both positive
and negative effects on respiratory allergies because of the
multiple ways in which climatic and other global changes,
such as urbanization and increased energy use, may impact
air pollutants, aeroallergens, and ultimately allergic illnesses.
CONCLUSIONS
More Research
Further progress must be made in documenting and
understandingtherolesofclimaticvariability andchangeon
aeroallergens and allergic diseases. Most of the research to
date on aeroallergens and climate has been done in Europe.
Althoughthesestudiescanprovideinsighttootherlocations,
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world.A good ﬁrst step would be the collection of integrated
long-term data series on important aeroallergens. This can
help document future changes in aeroallergen production
and distribution, as well as facilitate epidemiological studies
on the impacts of aeroallergens on allergic diseases, because
the lack of data currently hinders such analyses.
Our review of the literature highlights the relatively few
epidemiologic studies of allergic diseases and their rela-
tionship to aeroallergens and climatic factors compared
with what is known about climatic impacts on trees,
grasses, fungi, and the aeroallergens that they produce.
Coupled with the need for more general epidemiological
studies that incorporate analyses of aeroallergens, allergic
diseases, and meteorological factors, there is a clear need
for epidemiological research on atopic eczema and allergic
rhinitis. Additionally, better understanding of the inter-
acting effects of aeroallergens and air pollutants on the
Table 2. Proposed Research Agenda for Aeroallergens, Allergic Illnesses, and Climate Change
Disease surveillance d Improve morbidity and mortality surveillance for asthma, atopic eczema, and allergic rhinitis
globally
d Establish levels of allergen exposure that constitute a risk for development of asthma, eczema, and
rhinitis, especially as that risk varies across susceptible groups
Aeroallergen and ecosystem
dynamics and monitoring
d Improve methods of detecting aeroallergens in the environment and increase the number of
monitoring sites collecting continuous data globally
d Integrate long-term data series on all aeroallergens to clearly document future changes in
aeroallergen production and distribution, as well as allergenicity
d Relate the biology of aeroallergens at various time scales and at the scale of plant or community
succession
d Determine how ecosystem habitats are altered by climate change and subsequently lead to
changes in habitats of aeroallergen—producing plants
Integrated assessments d Link health, climate, and ecology data by employing new integrated approaches, such as geo-
graphic information systems
d Ensure compatibility and consistency of data sets across time scales
d Integrate health and climate indicators, socioeconomic changes, and technological changes into
assessment models
d Link the long-term data sets on aeroallergens and allergic diseases through the Environmental
Public Health Tracking Network
a
d Conduct experimental and ﬁeld studies as needed to examine how allergen content and distri-
bution of aeroallergens may be altered in response to climate change
d Speciﬁcally study the combined effects of CO2 and temperature and interactions between these
and other variables, such as water and nutrient availability, disturbance, and competition
d Consider within-species genetic variation in response to changing CO2 concentration, bioavail-
ability, and temperature
d Assess how the impacts of urban warming or land use changes may interact with observed
impacts of climate change
d Investigate the links between molds and allergic illnesses in relation to meteorological variables
d Enhance our understanding of the interactions between air pollution and aeroallergens in disease
causation through toxicological and epidemiological methods
Improve methods for disease
prevention and mitigation
d Develop more effective, sustainable approaches for aeroallergen control
d Improve methods to project changes in aeroallergen ranges, distribution, and concentration due
to climate change to enable local health departments to make plans to minimize risks to the
population
d Enhance programs to decrease other risk factors for asthma to lessen the burden due to non-
aeroallergen stressors
aAdapted from Kinney (2008).
466 Colleen E. Reid and Janet L. Gambledevelopment of allergic illnesses and the role that climate
variability has on these is needed. For example, changes in
the timing of pollen seasons could result in more overlap
between the peak pollen period and the ozone season. Not
only epidemiological but also chemical and toxicological
analyses of the interactions between air pollutants and ae-
roallergens would improve understanding.
Although more research has been done on the impacts
of climate change on aeroallergens themselves compared
with allergic diseases, knowledge gaps remain. Further
experimental and ﬁeld studies are needed to examine how
allergen content and distribution of aeroallergens may be
altered in response to climate change. Research also could
investigate other global environmental changes, particularly
land-use changes in conjunction with climate change to
better understand the interactions in these driving forces
on aeroallergens and allergic diseases in the near-term and
long-term. Table 2 outlines these and more areas for future
research in this ﬁeld.
Prevention/Adaptation
The evidence presented here demonstrates that climate
change may alter the production, allergenicity, distribution,
and timing of aeroallergens and thus increase the severity
and prevalence of allergic diseases in humans. In addition,
more intense hurricanes and thunderstorms could increase
the frequency of epidemics of asthma even for those who
are not diagnosed with asthma but who have allergic dis-
orders. Given that the rates of allergic illnesses are likely
increasing for reasons that we do not fully understand,
preventive actions must be planned and implemented.
Preventive actions should include attempts to mitigate
climate change by enhancing greenhouse gas sinks and
decreasing greenhouse gas emissions that lead to global
warming. Many climate change mitigation strategies have
various health co-beneﬁts, which can decrease air pollu-
tants other than greenhouse gases, thus decreasing risks of
respiratory and allergic diseases (e.g., Bloomberg and Ag-
garwala, 2008). However, even if greenhouse gas emissions
are curtailed now, those that have already been emitted will
inﬂuence the climate well into this century due to lags in
the atmospheric system. Table 1 outlines various adaptive
strategies, otherwise known as prevention strategies in the
public health community (Ebi and Semenza, 2008), that
can be implemented by various agencies to prevent in-
creases in allergic diseases due to climate change.
With every adaptation/prevention option employed,
attention needs to be given to the most vulnerable sub-
populations. In regards to allergic illnesses, the most vul-
nerable are those with asthma, allergic rhinitis, or atopic
eczema because they are already sensitized and thus are the
most likely to experience exacerbations related to increased
concentrations of aeroallergens. Additionally, the very
young, the very old, the immunocompromised, and the
medically uninsured bear the brunt of most health concerns
related to climate change, including allergic diseases.
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